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SULFURIC ACID BY Th GONTACT PROCESS 








The cetalysts now used in the manufacture of gul- 
furie solid from eulfur diozide by the contect procesa are 
elther varadium oxide or finely divided platinum denosi ted 
on a guitable oarrier. Numerous inverticators have studied 
the catalytic oxidation of sulfur dioxide with the objective 
of formulating equations to represent the recetion rate. 
The moet reeent contribution 1a the set of theoretical equae 
tions of Uyehara and vateon™©, who have correlated the data 
of Lewie and Ries® py an expresgion based on the theory of 
activated afeorption presented by Mougen end Yatson®, This 
equation fite the exerinental data of Lewis anf Ries as — 
well ag their own empirical equation, ané in here used in 


making comparisons of conversion effioleneies with varying 
load rates. 





the bagic reaction for commercial production of 
gulfurie seid by heterogeneous catelyele ie credited te 
Perecrine Fhilling, who waa issued a Pritish patent in 1831 
for the oxidation ef sulfur dioxide by passing a mixture of 
sulfur dioxide and air through a hot platinum tube’, There 


wad AO really comneraial anrlication of the contact process 





for a long time after this. The chemical and engineering 
conditions for practical application of the contact process 
had not develoved, the existing chamber process was ade- 
quate te eurply the demand for acid of ordinary coneentra- 
tion, ena there was very little deman’ for fuming sulfurie 
acid. 

The discovery of synthetle methods for making 
flizarin from anthraquinone, in 18%), created a very aotive 
deman for fuming sulfurie acid. Sinee the manufacture of 
fuming aeid from chember acid is exsencive and inefficient, 
thLla new demand resulted in renewed interest in the contact 
process. Fartliy beeause of the erroneous theory of Vinkler 
That the reaction gases should be used in steichlometrie 
proportions. progress waa very slow. Gradually, however. 
successful contact processes were developed. Tha early 
development was in Germany. ani most of the early vork was 
done by Badische Anliin-un@ Soda-Fabrik. For a long time 
the operating conditions were kept confidential; about 190 
the essential features of the procesa were disclosed and 
patents covering then were isaued. Until 1°37 the only 
practicable commeroial processes used viatinum as catalyat; 
in i927 the use of vanadiwa in the nomexchanseable nucleus 
of? nonmalliceous bese~oxchenits cerriers develoved by Jaeger 
ana his agsoclates was introduced to the commeroial field. 

The most successful platinum oatalyate have been 


these carried on mrmorta such as asbestces fiber. magnesium 





gulfate, ant allioa gel. these different tyres having be~ 
come more or lees identified with the particular proceas 
in which they are employed. The preparetion of these oata- 
lysts, although simple in principle, is in practice some- 
thing of an art, The preeess involves the wetting of the 
carrier with a solution of a platinum salt, vuauelliy vletinie 
ohloride. and then reduoing the salt to metallic piatinua, 
With oletinized magnesium sulfate end rlatinisced ashestos. 
about & to 6 trey ounces of prlatimum per dally ton of seule 
furie eacld are required’, This corresponds te a coneentre- 
tion of platinue of about 0.1 to %.3 ner cent in the mage 
negium eulfate mase as compared to 6 to 1° per cent of the 
welent in the asbestos catalyst. 
Although the use of vanadiwe enatelyste for the 

xidation of enlfur dioxide was suggrested as early ag 1895, 
4% wae not umtil sbovt 1927 that the introduction of Jaeger's 
Lom reved catalysts placed vanetium masses in a ~oeition to 
eommete commerecLally with the platinum eatelyets. The 
vanecdivm messes are prepared by the devosition of salte of 
venaiiue yentoride on a earrler such aes Kieseleuhr’. The 
activity of the commercial catalysts is ususlly greatly in- 
creased by the adAition of "promoters" sugh as votassiun, 
calolws, aml berlum oompounds. The meohaniem of the oxi- 
dation reaction on these catalycte crecumebly invelves the 
reine tion of the vanetius te one of the Lower oxides and 


the later rewexidetion to the ven toxide, 
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In the overation of any commereiel prosess the 
temmers ture, oressure, ratio of reactants, catalyst. and 
time of contact. These controllable factora may affect 
either the equilibriws or the reaction rate. Temperature, 
oressure. an’ ratio of reactants may affsot both the equil- 
ibriwa and the rate of reaction; a catalyat can affect only 
the rate at which equilibrium is established. In determining 
the ontiwum operating conditions for a reaction it is 
necessary to analyze the problem both from a viewpoint of 
equilibrium yield ant reaction velocity. 





Rquilibriua yield oan be aormmuted from the familiar 
mass aotion relations. The reaction under consideration nay 
be reoresented by the chemloal equation: 

Mo + 120 = We 
The generel masr-aotion equation fer this reaation Le: 
x = Pag : 
eae 4 
Pa 
In the comoutation of the equilibrium yield or serocentage 
conversion of %o to Rs the following symbols are uned; 
& = Holes cf %o in original mixture. 
5 = Noles of Og 1n original mixture. 
G@ « Moles of Ng in original mixture. 
xX «# Fraction cof My in original Bixture oon- 


verted to Ss when equilibrium is reached. 





Y »« Totel nreasure, 
Baeie: If moles of entering eas. 


At equilibriua there will be: 
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The exoression for the law of maes action may now be written 
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nie caves an expreseion fer equilibrium conversion as a 
function of temperature an’? initial gas composition. If we 
speoify the anelysaie of the original ritture we can compute 
Tne enullibriva converaion at eny desire’ tenvera tare, 
Faeure (23 hes been prepared from Equation (1) tor three 
Aifferent cas eixtures, It indiectee the theoretioal per 


centece eonvereton thet would be obtained 1f equilibrium 


were established in the system at the various temperatures. 
In comercial practices complete equillbrium ie very seldon 
schieved because the length of time required for equili- 
brium to be reaghed would require equipment of prohibitive 
size. However, even when the reaction does not proceed to 
equilidrium in the avaliable contact tims, the operation 
nay be commercially feasible if the approach t equilibrium 
is ranid. 


deeb GS LON PASE 

“any of the factore influencing the equilibrium 
conversion also play en important role in determining the 
reaction rate. Sometines a chenge that increases the rate 
of reaction reduees the extent of the conversion. For ex- 
ample, while the equilibrium conversion decreaces from 
99.2 per cent at 40°° G. to 93.0 per cent at 600° G., the 
reaotion rate at the higher temperature isa avoroximately 
forty times that at the lower temrerature®, 

The oxidation of sulfur @toxide 1s a reaction 
the rate of which can be freatly increased by the presence 
of a catalyst - usually either finely divided platinum or _ 
vanadium oxide. To arrive at a basie for equipment design, 
many investigatora have studied this reaction with the pire 
nese of formulating a mathematioal expression for reaction 
rates. 

The oxidation of sulfur dioxide on platinum ocata- 


Lysta has been extensively invectigated by Bodenstein and 
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Vink", Rntetsch’, ond Taylor ant Lecher”, ana attempts have 
‘been mate by thess workers to correlate the reste by em 
piriesi equations. AG a rosult of experiments carried out 
at oonstent volume Taylor and Lenher vrenosed an ecuation 





of the forn 
- ¢ : : 
7 —*s wee an” ‘w= a (2) 
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in which "x" representa the preseure change in time, *e"5 
“a” io the oxygen pressure 3% the beginning ef tho oxpert- 
aental rum minue the oxygen pressure at equillbriua, and 
“e° 16 One-half the sulfur trioxide voressure et the start 
of the run. 

Sroevenor ant Philling® introiuee! the following 
aymbois in anplylng Squation (2) to confitions of sonatent 
orgorvure anc expressing quentities as moles per 100 moles 
of original unoridired gne eontaining no ewlfur tTrloxlde; 

xX = Moles of 90, at any instant. 

Kg @ “Noles of 30, in original mixture, 

Keg = Noles of Wo at equillbriua, 

~ ™ Totel number of moles of gae at the Anstant. 

Go= <A faoter to convert the presrure unite of 

taylor aml Lenher into moles per 19° moles 
of Ovlginel sae. 

k= CK = "setivity" of catalyst. 
~ubstitution of the above nomenolature into Douetion (2) 
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Integration betwoen limits X, and ky for the moles of eul- 
oe Sa es Se Pee ae ee . 
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Bveept for the most critical work 4, may be asewned to be 
100, since the change in volume is relatively eoali. This 
@yuatiion pas bean recomeended by Grosvenor aml Phillipe for 
eomputing approximate partial eonversion ebtained aa a gae 
passes weuceesgeivaly through several verte of a comeroial 
sonverter. 

If no sulfur trioxide is vresent in the initial 
gas mixture, aince (X) - 4,) = 0, Zquation (4) simplifies to 
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the atmmetaas power of different catalysts aay ‘be ovelus ted 
in terms of a standard by this equation. WNedification of 
conversion by variations in gas commosition and flow rates 
Gan alco be predicted. Such computations are faolil tated 
by the construction of curves correlating the difference bee 
tween equilibrium conversion and the obtained conversion 
With the "time activity" product, Kt. fer a given temmera- 
ture. Mowever, computations with the above equations assure 
ieothermal conversion; in most actual units the conversion 
ie effected in adiabatic steps. Modifications must be intre- 
duced to make the equationga apply to adiebstie conditions. 


Moreover, the above oxpreseciona are based on experimental 
observations using platinum catalysts; strict applicablil ty 
te otner types of catalyste cannot be assumed, 

in 1987, Lewis and Ries investigated the re- 
agiien under Gonditions which more nearly approzinmated com 
mercial pracsies, and attempted to correlate thelr data by 
en @apirieal equation. More recently. Uyehara ant “a teent? 
have developed a theoretical equation based uson the theory 
ef setiveated adaorption which represents the experimentel 
data of uewls seni Ries aa adequately as does the emoirical 
relation propcaed py them. 

The formulation cof any theoretical equation for 
revopesentire the rate of reaction in any chemical change 
muet be postulated upon some masheniem fer the reaction, 
sere are many commercially important gas reactions, such 
ao the ome in question, which are known te cecur more rapid» 
Ly a9 heterogeneous processes on the surface of a 90144 
oatalyst than as a hawiereneons gae vhase reaction. It hee 
2gen generally egreed that the nrimary funetion of the 
Gatealyat ls to adeord the reacting moleeules and by so doing 
vO reduee the activation energy required for the reac tion* 
\Asoroetion of gasee by solids may fall inte ane cf two types 
dejending upon the nature ef the forces inwolved: (a) Van 
der Vaal's adsorption, in which the forees are of « physieal 
naterea: amd ('b) * Ghani sorption" cr agtivated adacre tion, 


whieh invelves forees of en nature 6limiler to these involved 








Sn the foometion of chemical bonds. 
The meghani@a of reactions coeurring at the curfacee 
of wm solid catalyst involves five steps: . 
(1) The mace transfer of the reavtents from the 
main body of the gaeeeus mixture to the selid 
interface. 
(2) Adeorption of the reaetants on the eurfaee of 
the catalyat. 
(3) Seaction on the surface of the catalyat te 
fora accorbed products. 
(4) Desormtion of the reaction products. 
(5) Mass transfer cf the gaseous products from 
the ecurface to the bulk of the gaa phase. 
If any one of the consecutive stens takes place much more 
alowly than all of the rest, the slow reaction determines 
tho overall resetion rate. By anelysis of exerinental fata 
it ia poatible to eliminate certain of the peselble steps ae 
rate-fetermining in a vartieular provese. For exemple, if 
the mese transfer cf reactents or, more fundamentally. 4f 
ditfusion were the rate-determining etep. the temerature 
coefficient of the reaction rate would be cf the eave order 





es for gactous diffusion. Aovever, merous diffusion rates 
46 met vary exponentiaily with temperature as do rates to 
»etercrenecus chenieel reactions tat in provertion to the 
equare root of the teers tere. * 


Ag pointed cut by Bougen and Yetson5, the rates 





of these different steos denend wuoon widely different feectors 
in afdition to the concentration gradiente involved. The 
atepe involving mages transfer are controlled by the 4iffus- 
ivities of the particular gases present and the degree cf 
turbulence in the flow syatem. The stens invelving adeorp- 
tion and desorption depend on the cheracter and extent of 
the catalyat ourface and the activation energies required 
for the adsorotion and deeorotion of the comoonents involved. 
The actual rate of the surface reastion derenda woon the 
extent and character of the eatalytic surface. insofar ae 

Lt affeote the activation energies required for the parti-~ 
Gular reaction. Heugen and Tateaon have developed theoreti- 


eal rate ecuations based uncon these coneests and on the 





reaeonable aseumption that one of the four steps may be ree 

garded ag pate controlling, and that the other steps are so 

ranid relative to the controlling rate thet equilibrium will 
be reached with reeveot te them. 

Uyehara ami Vateon?® have epolied the resul ting 
equations to the reaotion involving the satelytic oxidation 
of sulfur dioxide on the surface of a platinw: eatel yet. 
Their Line of attack is based on the poesibiilty of four 
rate~determining steps: activated adeorotion of suifur 
Gioside, eativated sdeorption of oxygen, and feeorption of 
the sulfur trioxide. They asevume that orygen ia atomically 
acdgorded on the ontalyst, thet one of the four satene controls 
the rate, and that the remeining steps are relatively so 


fast thet they reach and maintain eculliprium. With these 





assumptions Uyehara and Watson have applied the theoretical 
relations of Hougen and Wetson® to yield the following 
equations for each of the poseible rate controlling stepe: 
Adsorption of sulfur dicxide rate controlling, 


' «) sf 
“_ oe ~~ a , ie J 
f= i. fal FE : o = “ee 
+ > — HE ~ cme th 
IP he + Beto te, Meet 2 Ky i % Ye RK 
PT aM © Bethea Se, sgt a An * Ve KR / 
VB.K > 


Adsorption of oxygen rate controlling, similar to above. 
Desorption of sulfur trioxide rate controlling, 
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Surfece reaction rate controlling. 
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The symbols are defined as follows: 
Yr «= reaction rate. moles/unit mass of 
catalyst/unit time. 
E, = effectiveness factor. 
overall rate constant. 
[ ss temperature degrees Kelvin. 
AH = overall standard é@nthalpy change. 


R * gas law constant. 


m= overall fluid reaction equilibrium constant. 


Ww ss proportionality constent relating coneen- 


tration change to reaction rate, r. 
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Pm,’ ete. = partial preseure, atmoanheres. 

from a qualitative analysis ef experimental Anata 
adgorotion of sulfur @iexide aa rate-controlling was elimie 
natet as a poseibility by the fact thet the initis] rate of 
oxidation wee inereased by an inereage in partial pressure 
of either sulfur 4loxide or oxyzen, whereas “quation (6) 
would require thet the initial rate of oxidation be reduced 
wy the increased concentration of oxygen. The vossibility 


’ 





of oxygen atgormtion being rate controlling ie eliminated 
eimilarly. Desorption of sulfur trioxide concentration is 
indicate’ by exverimental data. Equation (2) for the rete 
of surface reaction wan selected by Uyehara and “atson es 
beet representing the qualitative trends obeerved in experte 
mental date, ‘The nitrecen coneentration waa e@hown by 
Boéenstein and Fink! to have no effect on the oxidation rate, 
ao that in their finel equation Vyehara and Vateson heave 
dropped cut all terms invelvine the adsorption equililoriu 
constant of nitrogen. Py letting 
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Zquation (4) can be written 
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The adserption constante are evaluated from exnerile 
mented a&ctea. If the cencentration cf sulfur 4lovide is 


veyrlef while the other ceneentrations are held constant. a 


plot of safe = 4 fie ~ Res/r¢ against Pq, vill 
produse a straight line, the slope of whieh ts A, Acc 
By similar plots correlating partial pressures of oxygen and 
sulfur trioxide at the same temperature, the other constants, 
Ko,er ant Aso. he ean be evaluated. By 

substituting values of the constanta thua found in Equation (9) | 
G, can be evaluated by applying it to each experimental ob- | 
servation at the temmerature under consideration. 

Experimental data show that initial oxidation rate 
ig direstly proportional to the first vower of the partial 
pressure of sulfur dioxide, and a vlot of Equation (9) pro- 
duces a straight line the slope of which 1a almest zero. 
Thus the term Peogkan, in the denominator of the rate equa- 
tion 49 necligible in comparison to the other terms and in 
the final equation 18 omitted. 

Uyehara and Wateon's final equation takes the 
following fora: 
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and they recommend the uee of the following constants: 
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The quantity wE,0 for the particular eatalyet in 
use must be evaluated from experimental observations. By 
em>loying the above equation the values of the cembined term 
r/wi,S can ve commuted for any temerature and eommosi tion 
of gas. Gurvee presented in Pigure (2) represent eush com 
putations beget on an initial gas comosition of 7.8 per 
gent G,, 10.8 per cent Oo, anf 81.4 per sent Mo. In this 
0460 the logarithn of (n/wi,0) x 104 hes been plotted againet 
the freotion of evwifur ALeoxife in the criginal mixture cen. 
verted to sulfur trioxife. 





af the gonetante w, E,, ana © have been evalus ted 
*OFf 8 Gatelyset, the us cf the rate ecuation neraits the 
determination of the volume of catelyst required for seeuring 
& aoeeified conversion at a known rete of feed, As shown 
by “ougen end Watson5, in an elementary oresa seotion of 
Satelyat be heving « wolume @V 4f a conversion 6% 4a pre. 
Gueed, 1% neoessarily follows from the fefinition of reastion 
wate, ©, that Fax = yp,d¥, where F le the reactor feed 
rate in moles per unit time, A is the moles cf Mo converted 
per mol@® in the initiel feed, Pp is the hulk density of the 
cateiyet, and V ie the volume of the reactor. Ae shown in 


Pigere (2), rom 70%) ec that we have GV & » which 


wpe (x) 
Upon integration givee the volume of the reactor 


2 
Y= 2) f(x) (22) 
1 








Cenvergion deta mre comeniy expressed in terna of anace 
velocity. 5,. whieh may be defined as volimes of feed, 

~“engured at standart cenditions, ver unit time per unit 
volume eof entalyst. ‘pace velocity can be obtained from 
Squation (11) sinee 


veges 


De ax/t(X) 
my 





(12) 








where ip le the average noletular weight of the reactor 
feed and pe is the density of the feed at stanéard condi tione,. 
Evaluation cf the integral may be aevomplished by graphical 
methods. af 

Even though the constants w. E,, and ¢ have not 
Yeon evaluated for the catalyst in use, the rate equation 
makes pageible the sommarisen of conversions at different 
flow ratea ant the prediction sf conversions that mey be ex 
sected for different rates of feel. . This merely involves 
the evaluation of the integral ( yen under the 








two conditions. For example, a gag mixture whieh contained 
initially 7.8 per sent Wo, 10.8 per cent Og. and 61.4 per 
cent Hp, has paseed through a preliminary oonverter in which 
convergion hea proceeded to the extent of 8 ner cent isa & 
be introdueed into an Leothermal converter at 400° ¢. for 
final treatment at a rave such that 3, equais 900 eubie fect 
per hour per ovbie foot of catalyst and leaves the converter 


at a composition corresponding to a conversion of % per 


gent. It is destred to determine the sonversion which eould 
be @rpented with the seme converter if the space velocity 
ware increaced to 1LaNC cubte feet par hour per evbie feot 
of catalyat. For thie tyre of problem 1t 46 convenient te 
plot sumtlative values of the integral vereus fraction con 
verted. ec shown in Figure (3). Then 1% 1e only neceseary 
to reef from the chart the desired conversion corresponding 
to the velve of the integral. Jn the example, letting X» 


be the required conversion we have from Equation (12) 





0.50 


Tempination of these equations ctyan 


re) 
{ ax/t(x) 23 a/ex) : 


0.80 0.50 
: 0.96 
Prom curve "A", Pigure (3) aX/2(X) = 72.0 and we 
0.00 — 


have faxyece x3 (xR \ir2.c) = GeO e 


Again from Figure (5) we find thet the conversion corres 


ponding this valve for the integral is °.2 per sent, 





In an adiabstic converter, the temnerature. ant 
therefore the rereticn rate. varies from noint te point, 
Ry the arvlication of « hect belance 1% is roesible % em 
oreca the temerature an a funetion of the freetion of mile 
fur dioxide cenverted and further to define the reaction 
rate as a funotion of temperature. To illustrate let us 
aunpose that a burner gas having 7.8 ver cent Wo, 10.8 per 
cent 0., anf 02.4 per cent No has passed through a prelimie 
nary converter and that 8 per cent conversion has resulted. 
After eooling, the gae enters an afiabatie converter at 
420° 0, at a aspece veloelty of 190 oubie feet per hour per 
cubis foot cf eatalyet and a convereion of & per eent is 
obtained, It ia desired to determine to what rate the epace 
veloolty must be radueel te cbtain a conversion of “6 ver 
cent. Te chall aseume a mean heat carnolity for the gae mize 
ture threughout the rence of temmerature involved cf 7.2 gram 
calories ver gram mole per degree 0. OF for the resotion 





will be telen ac 22,5°° gram calories per mole. In order to 
neke thea computed values for temmeratures oorresmonféing te 
fractions of sulfur dioxide cenverted fall uron the isotherme 
orevicusly plotted in Pigure (9). sonveraions required to 
profuee tencerature rives. At. of 26, 8. 75. and 10% G, 
will be computed. Taking 1° moles gas mixture containing 
5.9 ver cent 89, 8.85 per cent Og, and 81.4 per cent No, 
we have , 

At @ 2a600(x) /(7.2)(100) or x = 7A0 At/c2500, 


where zis the tumber of moles of iO > ecnverted in the 


adiabatic reactor. Then the total fraction of 005 een 
verted in both preliminary and finel eenverter will be 
KR, (3.0 + 720 At/220ro) /7.8 
bubetituting in this equatien values for AG we find that 
A, hee the following velues at the teaperetures indicated: 
apo? ¢ 425° ¢ 460° ¢ avs? G gn ¢ 
KX, ©.80 0.62 0.7L 1.8 


By drawing the broken curve through the Lsotherms on 

Figure (2) vorresponding te these pointe we obtain a curve 
eorrelating the reaction rate and conversion efficiency for 
the adiabatic conversion. Using thie curve as our function 
for the revetion rate may acain by granhileal interpration 


evaluate the integral |aX/f*(X) for adiabatic conditions 
0. 
ant as has been done for the Lecthermal case plot the eum 


lative values of the integral against fractional conversion. 
This eppears as curve "B", Figure (3). From thie curve wo 
Tank — a for a conversion of 8 per cent the integral 


ax/e (x) hae a value of 14.3 ané the value correspond 
0.8 
ing to © per cent conversion 16 10.4. Ineertine these 


Yalues in the equation 


+90 80 
4x/t" (x) By ax/e* (x) 
0.80 a.m 


we have 16.4 = ABO (24.3) ant the desired mace veloekty, 





Zetizeng) = 932 eubie feet per hour per euble foot of 


ee 


Gatalryat. 


Kt 

The increased demand for high strength svi furie 
aola brought about by the synthesis of dyestuffs resul ted 
in the intreduction of a new proeeess for the manufacture 
ef eulfurie acid involving heteroceneous catalysis. There 
heve been constant Immrovemente in the process arising from 
immorovemente in deaign ané centro] which had their basle in 
the funmfamental thermodynemia an@ kinetie croverties of the 
chemical reaction. Experimental investigation by numerous 
workers hae produced expirical and theoretical relations 
whioh een be used as a tool in the desipm of equipment and 
in determining optimum comiitiens of operation. This paper 
hee illustrated the manner in which reagtion rate@ oan be 
used in predisting conversion in the contact vrocesa for 
sulfurie acid production. 
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S15 Sachs 
Conversion efficiency 
in the production of 
sulfuric acid by the 


contact process. 











